The theory of dynamic, adaptive phenotype switching is based on the observation that unlike many other solid tumors, melanomas appear to down regulate signaling programs associated with proliferation in order to migrate (1, 2). These proliferative signaling programs are uniquely defined by genes involved in melanocyte differentiation and pigment production, such as MART1 and GP100, which are controlled by the transcription factor MITFǤ MITF has been shown to be critical for the transformation of melanocytes and the growth and proliferation of primary melanomas. However, the expression of MITF and its downstream effectors MART1
and GP100 are often decreased in metastatic melanomas (2, 3) . The role of MITF in phenotype switching has been the subject of much investigation. MITF can repress invasion via the regulation of Dia1 and subsequently p27kip1. Targeted loss of MITF increases both tumorigenesis (4) and metastatic potential, via increases in EMT markers such as Snail, the reorganization of the actin cytoskeleton, and an increase in ROCK-dependent invasion (5) .
Hypoxia decreases the levels of MITF, as well as other melanocytic markers, driving the switch from a proliferative to an invasive phenotype (5, 6) .
One of the other pathways intimately involved in the switch from a proliferative to an invasive phenotype in melanomas is the Wnt signaling pathway, which has also been shown to regulate the expression of MITF (7) . Canonical Wnt signaling transduces signals that result in the stabilization of β−catenin, which is critical for the initial stages of melanoma development. In melanoma development, β−catenin stabilization is required to bypass melanocyte senescence (8) , which results in melanocyte hyperproliferation, the activation of MITF and, ultimately, transformation and tumor growth (7) . However, the role of β-catenin in metastasis remains controversial. Forced β−catenin stabilization, in the very distinct genetic context of concomitant BRAF and PTEN mutations (9) , promotes melanoma metastasis. This is supported by an additional study that shows that in an N-Ras driven model of murine melanoma, stabilization of
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Author Manuscript Published OnlineFirst on October 8, 2013 ; DOI: 10.1158/2159-8290.CD-13-0005 ͷ β-catenin promotes metastasis (10) . However, the same study shows that β-catenin can inhibit the migration of melanoma cells and of melanocytes, via the induction of MITF, underscoring the complexity of the role of β-catenin in melanoma metastasis and invasion. In human melanoma cells, a recent study demonstrates that Wnt5A, when expressed in melanoma cells that have Frizzled 7, can activate β-catenin, also leading to an increase in invasion (11) .
Conversely, immunohistochemical analysis has demonstrated that nuclear β−catenin is a positive prognostic marker for melanomas (12) . Further data also suggest that melanomas with active canonical Wnt signaling are less metastatic (and more proliferative) than those with active non-canonical Wnt signaling (12, 13) , and at least two recent studies demonstrate that silencing β-catenin increases invasion and in vivo metastasis (14, 15) . Recently, it has also been shown that BRAF mutant melanomas that express elevated β−catenin are more sensitive to BRAF inhibitors (16). This suggests that not only may β−catenin expression predict a better prognosis in melanomas, but also a better response to targeted therapy. Overall, we speculate that the cohort of receptors, co-receptors and Wnt ligands guide the fate of melanoma cells, and may predict their response to therapy (17) .
The role of the non-canonical Wnt signaling molecule, Wnt5A, is more predictable than β-catenin, at least in melanomas. Multiple studies have shown that Wnt5A is increased in metastatic melanomas, and can drive the invasion of melanoma cells (3, 11, (18) (19) (20) .
Overexpression of Wnt5A results in decreased proliferation and increased metastases in a B16 melanoma mouse model, as well as in human melanoma cells (3, 19, 21, 22) . In addition to affecting metastasis, overexpression of Wnt5A downregulates the transcription of melanocytic antigens (MART1, GP100 and their promoters PAX3 and MITF) via the activation of STAT3 (3), resulting in a decrease in pigment, proliferation and antigenicity of melanoma cells. All of these signaling changes downstream of Wnt5A promote the phenotype switch from early tumorigenesis to an advanced metastatic state. Further, these effects require the expression of the tyrosine kinase receptor ROR2, and in the absence of ROR2, Wnt5A is unable to promote melanoma metastasis (21) .
ROR2 is a tyrosine kinase receptor that specifically transduces Wnt5A signaling (23) .
Only one other member of this family has been identified thus far, ROR1 (24) . ROR1 and ROR2
have an amino acid homology of 58%, and are single pass transmembrane proteins with immunoglobulin-like, cysteine-rich and kringle domains on the extracellular portion (24) . The intracellular domain contains both tyrosine and serine-threonine kinase domains (25) . ROR1 has been shown to be an important molecule in the pathogenesis of cancers such as acute lymphoblastic leukemia (26) and lung cancer (27) , where it drives the survival and proliferation of these two cancer types. Like Wnt5A, ROR1 appears to play the opposite role in melanomas than it does in breast cancers. Wnt5A acts in a tumor suppressive manner in breast cancers, but promotes the invasion and metastasis of melanoma cells. We show in this study that ROR1 inhibits the invasion of melanoma cells, but in breast cancer, ROR1 has been shown to promote an EMT and subsequent metastasis (28) . Further, ROR1 is associated with the increased growth of breast cancer cells (29) . This discrepancy between breast cancers and melanomas has always been striking, but remains unexplained, and points again to the importance of cellular context in Wnt signaling.
Since ROR2 is critical for Wnt5A-mediated metastasis in melanomas (21), we sought to determine what role ROR1 might play in melanoma progression. Here we show that despite its strong homology to ROR2, ROR1 is associated with the proliferative phenotype during early tumorigenesis of melanomas, rather than the invasive phenotype of metastatic disease, and therefore has alternative roles to ROR2 in melanoma progression. This is supported by recent data showing that ROR1 may play a role in the survival of melanoma cells (30) . Intriguingly, we found that hypoxia guides the switch between the expression of the two highly homologous receptors, ROR1 and ROR2, providing a functional demonstration that hypoxia may act as one of the "triggers" for phenotype switching in melanoma crisis. We also demonstrate that this phenotypic switch may hold significant implications not only for tumor invasion, but also for therapy resistance.
Results

ROR1 marks a poorly invasive phenotype in melanoma cells.
Wnt5A and ROR2 levels are elevated in melanomas and are indicative of increased metastatic potential (21, 22) . Phenotype switching in melanomas was first defined by Hoek et al., who analyzed the gene expression profiles of several short-term cultures of melanoma cells (2) . They found that their databases could be divided into cell lines that had low (Cohort A) versus high (Cohort C) invasive potential. Cells in Cohort A (poorly invasive) were much more proliferative than those in Cohort C. Markers of proliferation, such as MITF, were expressed in Cohort A (proliferative) and Wnt5A was expressed in Cohort C (invasive), and these markers clearly defined the proliferative from the invasive phenotype. We used this data set largely because the invasive and proliferative phenotypes have been confirmed experimentally (2) . We analyzed whether ROR1 gene expression was significantly decreased in this gene expression set, and found that ROR1 was more highly expressed in the proliferative cohort compared to the invasive cohort ( Figure 1A ). In these samples, as opposed to Wnt5A expression Figure S1E) were also decreased in the more invasive cohort, suggesting that ROR1 is inversely associated with the invasive phenotype. We selected ten melanoma cell lines that were either poorly invasive or highly invasive, and compared mRNA expression levels of ROR1 ( Figure 1B ) and ROR2 ( Figure 1C ) using Q-RT-PCR. Our results confirmed the microarray data, demonstrating an increase in ROR1 in poorly invasive samples, as compared to ROR2, which is elevated in highly invasive melanoma cells. We next compared ROR1 protein levels in 6 melanoma cell lines, in which we have previously established invasive capacity (3, Research. Figure 1D ). We further confirmed this using a 3-D skin reconstruct model, where artificial skin is built using keratinocytes, fibroblasts and either melanocytes or melanoma cells of differing stages of progression (31) . Serial sections were stained for ROR1, Wnt5A and ROR2. ROR1 was expressed in melanocytes and in poorly invasive WM35 cells ( Figure 1E , melanocytes and WM35). ROR2 and Wnt5A, however, were expressed in more invasive WM793 cells ( Figure 1E , WM793) and in highly invasive 1205LU melanoma cells ( Figure 1E , 1205LU). These data are consistent with the gene expression data ( Figure 1A ,B,C) that indicate that ROR1 is expressed in proliferative, poorly invasive cells, and its expression is decreased in metastatic cells.
Wnt5A regulates ROR1 expression.
Since ROR1 is downregulated in metastatic melanomas and Wnt5A increases both ROR2 expression and melanoma metastasis, we asked whether Wnt5A could directly regulate levels of ROR1. Treatment with recombinant Wnt5A (rWnt5A) resulted in a significant downregulation of ROR1 mRNA in two poorly invasive cell lines (UACC1273 and G361) as measured by Q-RT-PCR (Figure 2A ). To confirm this at the protein level, we performed both Western blot analysis and surface biotinylation assays. Surface biotinylation assays determine the amount of ROR1 expression that is present at the cell surface, and is available for ligand binding. ROR1 was decreased by rWnt5A treatment of Wnt5A-low UACC1273 cells, in contrast to ROR2, which was increased by rWnt5A treatment of these cells (21) . In the high Wnt5A, high ROR2, metastatic cell lines UACC903, M93-047 and UACC647, we found no ROR1 expression ( Figure   2B ). To determine how quickly ROR1 was degraded upon Wnt5A treatment, we treated Wnt5A low G361 and UACC1273 cells with rWnt5A over a time course. ROR1 protein levels decreased significantly as quickly as 5 minutes in both lines ( Figure 2C, Supplementary Figure S2A ). This
Research. Figure S2A) . However, the colocalization of ROR1 with lysosomes did not increase with rWnt5A treatment (Supplementary Figure S2A) . We next used the inhibitors Lys05 (32) and Bafilomycin 1 to inhibit lysosome function. Inhibition of lysosomal function with either of those inhibitors did not increase the accumulation of ROR1, suggesting that lysosomal degradation is not the primary mechanism for Wnt5A-mediated ROR1 degradation (Supplementary Figure S2B) . In order to determine if ROR1 was being degraded via proteosomes, we treated ROR1-positive melanoma cells with the proteasome inhibitor MG132.
In the presence of MG132, ROR1 accumulated in the cells ( Figure 2D , E, MG132). Treatment with rWnt5A decreased ROR1 expression ( Figure 2D , E,+rWnt5A), but in the presence of MG132 could no longer do so ( Figure 2D , E, MG132 + rWnt5A).
Many of the downstream events of Wnt5A are mediated via the activation of PKC, and the PKC isoforms activated by Wnt5A are PKC α, βII and γ. (22) . To determine whether PKC activation plays a role in the Wnt5A-mediated down-regulation of ROR1, we manipulated the activity of PKC in cells using the PKC inhibitor GO6983 (targeted to the conventional PKC isoforms). First, we treated Wnt5A high UACC903 cells with GO6983. In control conditions, there was very little expression of ROR1, and Wnt5A was localized to endosomes, from where we have previously shown it is signaling (21) . When PKC was inhibited (GO6983), Wnt5A was released from the endosomes and the levels of ROR1 were increased (Supplementary Figure   S3A ). Western blot analysis shows that inhibition of PKC, even in Wnt5A low cells, can also increase the levels of ROR1, suggesting that even the low levels of Wnt5A in these cells can regulate ROR1 ( Figure 2F ). Next, we treated Wnt5A low cells (G361, UACC1273) with rWnt5A 
Loss of ROR1 drives melanoma cell invasion
Since ROR1 expression is decreased in metastatic melanoma cells, we sought to determine whether ROR1 knockdown could increase invasion. We used two different ROR1 siRNAs targeted to two different regions of the gene (ROR1_5, ROR1_6). ROR1 knockdown resulted in an increase in both Wnt5A and ROR2 expression in multiple cell lines ( Figure 3A ).
To determine whether knockdown of ROR2 could similarly affect ROR1 expression, we knocked down ROR2 using a previously validated siRNA. ROR2 knockdown increased ROR1 expression ( Figure 3B , Supplementary Figure S4A ). To determine the effects of ROR1 knockdown on invasion, we subjected cells to 3D spheroid invasion assays, where cells were embedded in collagen. Knockdown of ROR1 significantly increased the invasion of poorly invasive WM35, WM983B and WM1799 melanoma cells ( Figure 3C ). Simultaneous knockdown of both ROR1 and ROR2 ablated invasion, suggesting that the primary way in which ROR1 mediates invasion is via the increase of ROR2 ( Figure 3C ). These data suggest that ROR1 and ROR2 are reciprocally regulated and play opposing roles in melanoma invasion.
To translate these results in vivo we knocked down ROR1 in WM35 and WM983B cells, and injected those cells subcutaneously in nude mice. WM35 cells were allowed to grow for 60
Research. ͳͳ days. For the first 20 days the knockdown of ROR1 significantly (***p<0.001) reduced the growth rate of these tumors. After that time, the growth rate increased to the level of the control, presumably due to the siRNA no longer being effective ( Figure 3D ). WM983B cells, which grow faster than WM35 cells, were allowed to grow for 33 days. In these cells, ROR1 knockdown less significantly affected the growth rate of these tumors, but the trend was the same (Supplementary Figure S4B) . Animals bearing WM35 xenografted cells were euthanized and examined for metastases. Knockdown of ROR1 spurred the formation of visceral metastases by WM35 cells ( Figure 3E ,F) cells. In this cell line, knocking down ROR1 spurred the formation of metastases in the majority of animals (9 out of 10). Interestingly, in animals xenografted with the control WM35 cells, previously thought to be radial growth phase and not metastatic, we found evidence of one animal with a small number of metastases in the lungs.
Hypoxia induces the switch from ROR1 to ROR2, increasing invasion
Our data suggest that melanoma cells switch from a ROR1-positive to an ROR2-positive phenotype during melanoma invasion, we wanted to understand what initiated this switch. As melanoma cells invade deeper into the skin, they encounter an increasingly hypoxic microenvironment and the protein HIF1α has been shown to be elevated as melanomas progress (33) . HIF1α plays a role in ROR2 upregulation (34) and is also inversely correlated with MITF expression in melanomas (5, 6, 35), so we analyzed the role of hypoxia in the induction of ROR1 to ROR2 phenotype switching. First, we confirmed that exposure of melanoma cells to hypoxia (2% O 2 ) increases their invasion using motility (scratch-wound) assays ( Figure 4A ). HIF1α expression was increased in the cells by 6 hours as expected ( Figure   4B ). This upregulation is concomitant with a decrease in MITF and an increase in Wnt5A, suggesting that the phenotype switch occurs upon exposure to hypoxic conditions ( Figure 4C ).
To determine whether HIF1α is responsible for Wnt5A upregulation following hypoxia, we We next queried whether the ROR receptors are also affected by hypoxia. In the presence of hypoxia, ROR1 was downregulated ( Figure 4F,G) , where ROR2 was upregulated ( Figure 4H ). In the absence of HIF1α, ROR2 was decreased ( Figure 4I ). The hypoxia-mediated upregulation of ROR2 was blocked by Wnt5A silencing in highly invasive cell lines ( Figure 4J ).
In poorly invasive cell lines, there was little effect of Wnt5A silencing on ROR2 or HIF1α during normoxic conditions, presumably because Wnt5A levels are already so low (Supplementary Figure S5B) . These data suggest that hypoxia is one factor that can drive the switch from a noninvasive ROR1-positive phenotype to an invasive, ROR2-positive phenotype. Further, these data indicate that the upregulation of ROR2 via HIF1α requires Wnt5A.
Wnt5A upregulates Siah2, stabilizing HIF1α levels, resulting in increases in ROR2.
In order to understand how HIF1α might work in cohort with Wnt5A to increase the expression of ROR2 during hypoxia, we looked for downstream signaling mediators in common between Wnt5A and HIF1α. A common signaling intermediate in hypoxia and Wnt5A signaling is the E3 ubiquitin ligase, Siah2. Wnt5A regulation of canonical Wnt signaling occurs predominantly via upregulation of Siah2, resulting in a GSK3-ȕ-independent degradation of ȕ-catenin (36) . Siah2 plays an important role during hypoxia, as it inhibits prolyl hydroxylases, resulting in the stabilization of HIF1α (37) . Additionally, Siah2 is upregulated in metastatic melanomas (38) , so we hypothesized that Siah2 upregulation may be downstream of Wnt5A in melanomas, just as it is during development.
We examined Siah2 expression in our melanoma cell lines. Siah2 expression was increased in Wnt5A high UACC903 and M93-047 cells, as compared to Wnt5A low UACC1273 Figure 5A ) and knockdown of Wnt5A decreased Siah2 expression ( Figure 5B ). This suggests that Wnt5A can indeed regulate Siah2 expression. To determine whether Siah2 is activated by hypoxia in melanoma cells, we exposed cells to hypoxia for 6 and 24 hours. Siah2 was increased in both poorly invasive (UACC1273) and highly invasive (M93-047) melanoma cells ( Figure 5C ). To determine whether Wnt5A upregulation of Siah2 plays a role during hypoxia-initiated phenotype switching, we knocked down Wnt5A in invasive melanoma cells.
When exposed to hypoxia, these cells were no longer able to upregulate Siah2 ( Figure 5D ) and HIF1α expression ( Figure 5E ) was also decreased. This implies that Wnt5A is required for the activation of Siah2 during hypoxia, and acts in a positive feedback loop with HIF1α.
Since ȕ-catenin is a target of Siah2, we sought to determine whether Wnt5A requires Siah2 to affect ȕ-catenin levels in melanoma cells. We have previously shown that Wnt5A overexpression in proliferative phenotype melanoma cells can cause a decrease or dysregulation of ȕ-catenin expression in those cells (39) . Further, β-catenin mRNA expression is downregulated in highly invasive compared to poorly invasive melanoma cell lines (2), and β-catenin expression can predict better patient outcome (13) . rWnt5A treatment of Wnt5A low UACC1273 cells resulted in a decrease of β−catenin expression, which, like ROR1, was dependent on proteasomal function ( Figure 5F ). rWnt5A treatment of G361 cells also decreased β-catenin expression (Supplementary Figure S5C) . We then knocked down Siah2 in poorly invasive melanoma cells (Supplementary Figure S5D) , and showed that in the presence of Siah2 siRNA, β−catenin levels begin to accumulate ( Figure 5G, Supplementary Figure S5E ). In the absence of Siah2, Wnt5A can no longer affect β−catenin expression or localization ( Figure   5G , Supplementary Figure S5E ).
Taken together, these data demonstrate that hypoxia can drive the switch from ROR1 to ROR2 positivity in melanoma cells, and that Wnt5A, via Siah2, plays a critical role in the hypoxic induction of phenotype switching. These data provide evidence that microenvironmental 
ͳͶ regulation of non-canonical Wnt signaling is essential for the phenotypic plasticity of melanoma cells, and further, these data identify HIF1α as a novel target of non-canonical Wnt signaling.
Our data also suggest that Siah2 may perform its function as a promoter of the metastatic phenotype of melanoma cells both via its stabilization of HIF1α and its down-regulation of β-catenin (see schematic in Figure 5H ).
Phenotype switching in BRAF mutant cells decreases sensitivity to BRAF inhibitors.
We then asked what the clinical implications of the observed phenotype switch might be. Pre-treatment of PLX-resistant 1205Lu cells with ROR2 siRNA dramatically increased the response to PLX4720 in vivo compared to control siRNA ( Figure 6E ). In contrast, knockdown of ROR2 did not significantly affect the proliferation of tumor cells in the absence of PLX4720 ( Figure 6E ).
Next, we asked whether ROR1 was decreased in resistant cells and whether the knockdown of ROR1 could affect the response to PLX4720. ROR1 expression was decreased in PLX4720-resistant cells ( Figure 6F ). We performed a similar experiment using WM35 and WM983B melanoma cells, which both express ROR1 and are sensitive to PLX. Animals bearing xenografted tumors, either control siRNA or ROR1 siRNA treated, were fed chow containing PLX4720, after tumor development. Tumors were measured for a period of 3 weeks. The results show that the knockdown of ROR1 significantly (*p<0.01) decreased sensitivity to PLX4720 both in WM35 cells ( Figure 6G ) and in WM983B cells (Supplementary Figure S6E, p<0.004). These data imply that inhibition of ROR2 in conjunction with BRAF inhibitors may target a subset of patients not previously responsive to these drugs. Also, the loss of ROR1 increases the resistance to PLX4720, further confirming the observation that the microenvironment can guide a phenotype switch to a more aggressive tumor type.
Wnt5A expression correlates with resistance in human tumor samples.
Research. ͳ To further confirm and extend these findings, we sought to assess whether the expression of Wnt5A could predict patient response to Vemurafenib in a small cohort of patients (n=24). Robust clinical response to Vemurafenib is defined as 30% response or higher. To account for human error in measuring response, we extended this definition of clinical response to include samples of 35% or higher. We were able to identify 9 patients with 33% response or lower to Vemurafenib, and 15 patients with a 38% or higher response to the drug. Examples of Wnt5A staining in correlation to therapeutic response are shown in Figure 7A . Treatment, time to progression, and survival were assessed in this cohort of patients and the data are summarized in Supplementary Table 1. Even in this small cohort of patients, the results were significant: 7 out of 9 patients who demonstrated less than 33% clinical response to Vemurafenib had positive expression of Wnt5A, from 1-3+ intensity. Only 2 of the remaining 15 patients (38% response or greater) exhibited any Wnt5A expression (1-2+ intensity) as shown in Figure 7B , giving a statistical significance of p=0.002. It should be noted that while ROR1 and ROR2 status would also likely provide further evidence of resistance to therapy, the antibodies available are not robust enough for reliable FFPE analysis.
If Wnt5A truly confers clinical resistance to BRAF inhibitors, then we would predict that Wnt5A-positive cells might be selected for in patients who relapse (become resistant) while on therapy. To test this we acquired 12 patient samples that had undergone BRAF inhibitor therapy, and for whom we had pre-therapy and post-therapy, relapsed lesions. We scored the levels of Wnt5A expression in these samples, and found that 8/12 post-relapse samples had increased Wnt5A positivity compared to pre-therapy lesions (i.e., positivity in a larger percentage of the tumor). Two examples are shown in Figure 7C . In these 8 patients, positivity increased from an average of 6% of the tumor cells being positive for Wnt5A pre-therapy, to an average of 52% of the tumor cells being positive post-relapse (p=0.016). In the remaining four patients, one sample increased from 25-30% positivity (which we did not consider significant and therefore scored this unchanged), one remained the same (5% positivity, pre-and post-), ͳ one decreased from 16% positivity to 10% positivity, and one decreased from 5% positivity to no positivity. All the data are summarized in Supplementary Table 2. When considering all 12 tumors together, the overall increase in Wnt5A staining went from 8% positivity pre-therapy to 38% positivity post-relapse, and was significant at p=0.018. Interestingly, in one sample for which we had pre-treatment, on-treatment and post-relapse samples, Wnt5A staining increased from 0 to 80% positivity in the on-treatment sample, to 100% positivity (and an increase from 1-2+ intensity) in the post-relapse sample.
We also examined resistant cells in vitro. We took resistant subclones of the PLX- transformation, yet is critical for driving melanoma metastasis. The role of β−catenin in melanocyte transformation and melanoma growth is abundantly clear-its role in metastasis is less so, with most studies indicating that β−catenin signaling decreases during progression (7, 8, 41, 42) . Further, the suppression of β−catenin has been shown to increase invasion in melanoma cells (43) . In contrast, a recent study indicates that stabilizing β−catenin in the context of both a BRAF mutation, and a PTEN deletion increases metastatic progression (9) (27, (44) (45) (46) (47) . Taken together, these data point to a role for ROR1 in driving tumor growth. However, the role of ROR1 in melanomas has not been previously assessed. We show that knockdown of ROR1 decreases melanoma cell proliferation in vivo, implicating it in growth. We show that Wnt5A can signal to increase the proteasomal degradation of ROR1, such that ROR1 is decreased during invasion. When ROR1 expression is decreased, that of Wnt5A and ROR2 increases, and this corresponds to increases in invasion and metastasis. These data indicate that while ROR1 may play a role in melanoma cell growth, its loss is necessary for invasion, underscoring the increasingly common observation that factors driving tumor growth may be quite distinct from those that drive tumor metastasis.
Hypoxia has been shown to be a driving force for the metastatic progression of melanomas (38, 48) . Additionally, ROR2 is postulated to be a target of HIF1α (34) . We hypothesized that as tumors become larger, and increase their hypoxic regions, the activation of ROR2 could drive increased aggression, increased Wnt5A signaling and decreases in ROR1.
Indeed, our data show that in the presence of hypoxia, ROR1 expression decreases, and expression of ROR2 and Wnt5A increases, in a HIF1Į-dependent manner. Surprisingly, we found that Wnt5A plays a critical role in the stabilization of HIF1α via the E3 ubiquitin ligase Siah2. Siah2 is activated during hypoxia via phosphorylation of its serine/threonine residues, and acts to stabilize HIF1α. Research has shown that Wnt5A can act via ROR2 to increase Siah2 phosphorylation and activity (49) and we confirm that finding in this study. However, we also show for the first time that through this activation of Siah2, Wnt5A is also able to stabilize HIF1α, highlighting HIF1α as a novel downstream target of Wnt5A.
In addition to increasing invasion, hypoxic upregulation of Wnt5A/ROR2 has another important corollary. By upregulating Siah2, Wnt5A is able to downregulate β−catenin. β−catenin expression has been shown to sensitize melanoma cells to BRAF inhibitors (16), leading us to postulate that if Wnt5A signaling decreased β−catenin, then Wnt5A should make melanoma 
ʹͲ cells more resistant to BRAF inhibitor therapy. Indeed, our data indicate that Wnt5A plays a role in intrinsic resistance as melanoma patients tend to respond poorly to Vemurafenib if they express higher levels of Wnt5A. Although this is a small sample size, Wnt5A expression in pretreatment biopsies accurately predicted response to BRAF inhibitors in 7/9 non-responder (less than 35% response) patient samples, and in 13/15 responders. Furthermore, analysis of patient tumors pre-and post-BRAF inhibitor therapy demonstrate significant increases in Wnt5A expression. This may be attributable to the fact that Wnt5A-positive cells are more intrinsically resistant to BRAF inhibitors, therefore, it is this resistant subpopulation that continues to survive during BRAF inhibitor therapy, and ultimately dominates. Alternatively, inhibition of BRAF in Wnt5A high cells may drive increased MAPK signaling via the Wnt5A pathway.
The link between the mechanisms that underlie tumor metastasis and therapy resistance is not well defined, however it is clear that tumors that are more aggressive are likely to be more resistant to therapy. Yet, predicting which tumor is likely to metastasize faster when comparing stage IV tumors is challenging. Thus, the use of Wnt5A as a prognostic marker for both time of progression free survival as well as therapy response may be of great clinical utility. Other data from our laboratory further implicate Wnt5A in resistance to other forms of therapy, and this is mediated by Wnt5A control of β-catenin (Webster et al, in submission). This is supported by a recent study that implicates β-catenin in resistance not only to BRAF inhibitors, but also to MEK inhibitors (50) . It should be noted that increases in Wnt5A expression observed post-therapy were observed in melanoma patients who received both BRAF inhibitors and ERK inhibitors as well (Supplementary Table 2 ). Thus, targeting the Wnt5A/ROR2 pathway may not only increase initial sensitivity to BRAF inhibition as demonstrated in our animal studies, but may also provide a useful mechanism for targeting relapsing tumors. Ongoing work in our laboratory seeks to identify small molecule inhibitors of ROR2, hoping that we can use them to generate more effective and durable responses to Vemurafenib. Importantly, as the ROR2 pathway also drives 
Organotypic 3D Skin Reconstructs
Organotypic 3D skin reconstructs were generated as previously described (Li et al, 2011).
Melanocytes and melanoma cell lines at different stages of progression (RGP, VGP, and metastatic) were used to generate the reconstructs. Please refer to the Extended Experimental Procedures for details.
Cellular Proliferation and Motility Assays
MTS assays were used to determine cell proliferation. Motility assays were performed as previously described (O'Connell et al, 2010) . Please refer to the Extended Experimental Procedures for details.
3D Spheroid Assays
The formation of spheroids is outlined in the Extended Experimental Procedures section.
Collagen plugs were fixed in 1:10 formalin for 10 minutes, processed into paraffin blocks, and sectioned onto slides. 
ʹͶ
Immunofluorescence (IF)
Primary antibodies used were: Wnt5A (10 μg/ml) (R&D Systems, Minneapolis, MN), ROR1 (2.5 μg/ml), ROR2 (2.5 μg/ml), HIF1Į (0.5 μg/ml), phospho-ȕ-catenin (T41/S45) (1 μg/ml), ȕ-catenin (0.5 μg/ml) (Cell Signaling, Danvers, MA), MART1 (2 μg/ml) (Thermo Scientific, Fremont, CA) and LAMP2 (5 μg/ml) (Abcam, Cambridge, MA). For details please refer to the Extended Experimental Procedures.
Immunohistochemistry (IHC)
Patient samples were collected under IRB exemption approval for protocol #EX21205258-1.
Samples were stained for Wnt5A expression using a biotinylated Wnt5A antibody (R&D Systems). For details please refer to the Extended Experimental Procedures.
Mouse ROR2 siRNA PLX4720 assay
All animal experiments were approved by the Institutional Animal Care and Use Committee 
Statistical Analysis
For in vitro studies, Student's t test or ANOVA was performed using at least three independent experiments. For in vivo studies, the fold change in tumor volume after treatment at 14 days 
